The actions of acetylcholine (ACh) on endothelium mainly are mediated through muscarinic receptors, which are members of the G protein-coupled receptor family. In the present study, we show that ACh induces rapid tyrosine phosphorylation and activation of Janus kinase 2 (JAK2) in rat aorta. Upon JAK2 activation, tyrosine phosphorylation of insulin receptor substrate (IRS)-1 is detected. In addition, ACh induces JAK2/IRS-1 and IRS-1/phosphatidylinositol (PI) 3-kinase associations, downstream activation of Akt/protein kinase B, endothelial cell-nitric oxide synthase (eNOS), and extracellular signal-regulated kinase (ERK)-1/2. The pharmacological blockade of JAK2 or PI 3-kinase reduced ACh-stimulated eNOS phosphorylation, NOS activity, and aorta relaxation. These data indicate a new signal transduction pathway for IRS-1/PI 3-kinase/Akt/ eNOS activation and ERK1/2 by means of JAK2 tyrosine phosphorylation stimulated by ACh in vessels. Moreover, we demonstrate that in aorta of obese rats (high-fat diet), there is an impairment in the insulin-and ACh-stimulated IRS-1/PI 3-kinase pathway, leading to reduced activation with lower protein levels of eNOS associated with a hyperactivated ERK/mitogen-activated protein kinase pathway. These results suggest that in aorta of obese rats, there not only is insulin resistance but also ACh resistance, probably mediated by a common signaling pathway that controls the activity and the protein levels of eNOS. Diabetes 56: 1014 -1024, 2007 U nder physiological conditions, insulin regulates many vascular functions (1,2), including the release of nitric oxide (NO) (3) and the regulation of mRNA expression of matrix proteins (4,5) and constitutive endothelial cell-nitric oxide synthase (eNOS) (6,7). At the molecular level, binding of insulin to its cognate receptor (insulin receptor) results in activation of the insulin receptor's tyrosine kinase activity, which, in turn, phosphorylates tyrosine residues of insulin receptor substrates (IRSs). IRSs are adaptor proteins that transduce signals from the insulin receptor to downstream signaling cascades, including the phosphatidylinositol (PI) 3-kinase/Akt pathway (8,9). In the vasculature, the activation of PI 3-kinase increases serine phosphorylation of Akt, which, in turn, directly phosphorylates eNOS on ser1177 and activates the enzyme, leading to increased NO production (10,11). In addition, a second postreceptor insulin signaling pathway involves the activation of Ras, Raf, mitogen-activated protein and extracellular signalregulated kinase kinase (MEK), and mitogen-activated protein kinase (MAPK) (extracellular signal-regulated kinase [ERK]-1/2), which is related to cellular growth (12,13). Recent findings (14,15) suggest that impaired IRS-1/PI 3-kinase/Akt/eNOS signal transduction may play a mechanistic role in endothelial dysfunction and in the development of cardiovascular diseases in situations of insulin resistance.
U
nder physiological conditions, insulin regulates many vascular functions (1, 2) , including the release of nitric oxide (NO) (3) and the regulation of mRNA expression of matrix proteins (4, 5) and constitutive endothelial cell-nitric oxide synthase (eNOS) (6, 7) . At the molecular level, binding of insulin to its cognate receptor (insulin receptor) results in activation of the insulin receptor's tyrosine kinase activity, which, in turn, phosphorylates tyrosine residues of insulin receptor substrates (IRSs). IRSs are adaptor proteins that transduce signals from the insulin receptor to downstream signaling cascades, including the phosphatidylinositol (PI) 3-kinase/Akt pathway (8, 9) . In the vasculature, the activation of PI 3-kinase increases serine phosphorylation of Akt, which, in turn, directly phosphorylates eNOS on ser1177 and activates the enzyme, leading to increased NO production (10, 11) . In addition, a second postreceptor insulin signaling pathway involves the activation of Ras, Raf, mitogen-activated protein and extracellular signalregulated kinase kinase (MEK), and mitogen-activated protein kinase (MAPK) (extracellular signal-regulated kinase [ERK]-1/2), which is related to cellular growth (12, 13) . Recent findings (14, 15) suggest that impaired IRS-1/PI 3-kinase/Akt/eNOS signal transduction may play a mechanistic role in endothelial dysfunction and in the development of cardiovascular diseases in situations of insulin resistance.
Although insulin is well known in inducing vascular relaxation, the physiological significance of circulating insulin in vascular control is uncertain. Activation of eNOS is generally a calcium-dependent process (16) . The vasorelaxation effect of acetylcholine (ACh) is mediated via muscarinic receptors that promote the release of calcium from intracellular stores. This raises the intracellular freecalcium concentration, enabling calcium-calmodulin to bind to eNOS, displacing caveolin-1 and activating eNOS (17) .
It recently has been demonstrated that inhibition of PI 3-kinase by Wortmannin attenuated ACh-induced dilation of the basilar artery in vivo (18) , raising the hypothesis that cholinergic agonists also may signal through classical tyrosine kinase pathways. However, ACh acts through a G protein-coupled receptor, which does not have intrinsic tyrosine kinase activity. Previous reports (19 -22) have demonstrated that other hormones that act through G protein-coupled receptors, including angiotensin II, vasopressin, and leutinizing hormone, can induce tyrosine phosphorylation of cytoplasmic proteins, including IRSs. Angiotensin II activates Janus kinase 2 (JAK2), a member of the JAK family, and probably uses this kinase to induce several intracellular protein tyrosine phosphorylations.
In this study, we evaluated the ability of ACh to activate JAK2 and to induce the tyrosine phosphorylation of IRS-1 as well as IRS-1/PI 3-kinase association and the phosphorylation of Akt and eNOS in rat aorta. We also compared the activation of IRS-1/PI 3-kinase/Akt/eNOS pathway in response to both ACh and insulin in aorta from normal rats and from an animal model of diet-induced obesity and insulin resistance (i.e., rats fed a high-fat diet for 60 days).
L-[
3 H]arginine (1 mCi) was obtained form PerkinElmer Life Sciences, and cyclic guanosine monophosphate (cGMP) assay kits were from Cayman (Ann Arbor, MI). Tissue extraction and immunoprecipitation. Rats were anesthetized with sodium thiopental (100 mg/kg body wt) and used 10 -15 min later. As soon as anesthesia was assured by the loss of pedal and corneal reflexes, the thoracic cavity was open and the thoracic aorta was isolated and kept for 45 min at 37°C in Krebs-bicarbonate buffer equilibrated with 95% O 2 :5% CO 2 , pH 7.4, before being stimulated with insulin or ACh. It then was frozen with liquid N 2 , powdered with a glass Dounce homogenizer on ice for at least 80 strokes, and immediately homogenized in extraction buffer, as described elsewhere (15) . Extracts were centrifuged at 30,000g and 4°C for 45 min to remove insoluble material. Protein analysis by immunoblotting. The precipitated proteins and/or whole-tissue extracts were treated with Laemmli sample buffer and then subjected to SDS-PAGE in a Bio-Rad miniature slab gel apparatus (MiniProtean), as previously described (15, 27) . JAK2 in vitro kinase activity assay. The protein kinase activity of the immunoprecipitates was measured as previously described (28) . Hyperinsulinemic-euglycemic clamp. After 5 h of fasting, six animals from each group were anesthetized intraperitoneally with sodium pentobarbital (50 mg/kg body wt), and catheters were then inserted into the left jugular vein (for glucose and insulin infusion) and carotid artery (for blood sampling), as previously described (29) . Blood pressure measurement. Blood pressure measurements in conscious rats were conducted by a tail-cuff system (MKIV; Narco BioSystems, Austin, TX) (30) .
Vascular reactivity studies. In these studies, control and obese rats were anesthetized with halothane (Cristá lia Laboratories, Itapira, Brazil) and killed by decapitation. The chest of each rat was opened and the entire descending thoracic aorta was excised quickly. Tissues were prepared as previously described (31) . After a 1-h stabilization period, the rings were precontracted with phenylephrine (1 mol/l). Cumulative concentration-response curves to insulin, ACh, or glyceryl trinitrate (GTN) were obtained in intact aortic rings. Concentration-response curves to GTN also were constructed in endotheliumdenuded aortic rings. In these rings, the endothelium was removed mechanically by rubbing the lumen of the aorta with a closed pair of fine-tipped forceps. The absence of the endothelium was confirmed by the loss of a relaxant response to ACh at the start of the experiments. Relaxations were plotted as percentages of the contraction induced by phenylephrine. In another experiment, aortic rings were incubated for 30 min with specific inhibitors AG490 (10 mol/l) or LY294002 (50 mol/l) before being stimulated with ACh in order to study the effects of the blockade of JAK2 or PI 3-kinase, respectively, over ACh-induced vascular relaxation. 3 H]citrulline generation was fully inhibited by 2 mmol/l nitro-L-arginine methyl ester. In individual experiments, a minimum of three wells were used for each treatment group. All findings were confirmed in at least six independent studies. Estimation of endothelium-derived NO. Confluent rabbit aortic endothelial cells in six-well plates were equilibrated for 30 min in physiological saline solution (PSS) supplemented with 250 mol/l 3-isobutyl-1-methylxanthine and 250 mol/l L-arginine in the absence or presence of nitro-L-arginine methyl ester or the inhibitor of interest (LY294002 or AG490). Equilibrated cells then were exposed to ACh (10 Ϫ5 mol/l) or insulin (10 Ϫ7 mol/l) for 30 min before the cells were lysed by the addition of 6% ice-cold trichloroacetic acid. Cell lysates then were subjected to centrifugation at 12,000g for 10 min, and determination of cGMP in supernatants was performed as described (33) in accordance with the kit assay. Statistical analysis. Experiments were carried out by studying the groups of animals in parallel (animals fed a standard diet versus animals fed a high-fat diet). Data are means Ϯ SE, accompanied by the indicated number of independent experiments. For comparisons, ANOVA was used. The significance level was set at P value Ͻ0.05. A statistics software was used (Instat v. 3.05; GraphPad).
RESULTS
Insulin signaling pathway in aorta of control animals. The presence of phosphorylated IRS-1 was detectable 5 min after incubation with insulin and was maximal at 15 min, and 30 min after incubation, IRS-1 tyrosine phosphorylation was nearly undetectable (Fig. 1A, upper  panel) . Nitrocellulose membranes of IRS-1 immunoprecipitates were stripped and reblotted with antibodies against p85 (PI 3-kinase), showing that the maximum level of association between these proteins occurred at 15 min (Fig. 1A, middle panel) . Insulin also was able to stimulate JAK2 tyrosine phosphorylation 5 min after incubation with the hormone, reaching maximal levels at 15 min (Fig. 1B, upper panel) . The association between JAK2 and IRS-1 also was investigated (Fig. 1B,  middle panel) , revealing the same temporal pattern of insulin-induced JAK2 tyrosine phosphorylation. Insulin treatment did not modulate the expression of IRS-1 and JAK2 ( Fig. 1A and B, lower panels). Insulin-stimulated Akt serine phosphorylation was maximal 15 min after incubation with this hormone (Fig. 1C, upper panel) , without any significant change in Akt protein levels (Fig.  1C, lower panel) . Insulin led to an approximately fourfold increase above basal state in eNOS serine phosphorylation at 15 min (Fig. 1D, upper panel) , without significant changes in eNOS tissue levels (Fig. 1D, lower  panel) . It also was observed that insulin was able to stimulate the phosphorylation of ERK1/2 isoforms of MAPK, leading them to a maximum activation by 15-30 min (Fig. 1E, upper panel) , without any significant change in protein levels (Fig. 1E, lower panel) . Insulinstimulated IRS-1 tyrosine phosphorylation, as well as its association with p85 subunit, was dose dependent; they both were detectable after incubation with 10 Ϫ8 mol/l insulin. Maximal effect occurred at 10 Ϫ7 mol/l (Fig. 1F ). ACh signaling pathway in aorta of control animals. ACh induces JAK2 tyrosine phosphorylation 5 min after incubation with this hormone, reaching maximum levels by 15 min ( Fig. 2A, upper panel) . Next, the association between JAK2 and IRS-1 was evaluated, being maximal at 15 min ( Fig. 2A, middle panel) . The tissue levels of JAK2 did not change among the samples ( Fig. 2A, lower panel) . ACh also was able to stimulate the tyrosine phosphorylation of IRS-1, as well as its association with PI 3-kinase, in a time-dependent manner (Fig. 2B , upper and middle panels), without changes in IRS-1 protein expression (Fig.  2C , lower panel). To test whether JAK2 kinase activity could be stimulated by ACh in rat aorta, we measured the enzyme autophosphorylation in vitro by immunoprecipitating aorta extracts (with or without a low concentration of ACh) with ␣-JAK2 and performed an in vitro kinase assay using ATP, as described above. JAK2 kinase activity was increased significantly in aorta extracts after incubation with ACh for 15 min, as demonstrated by an increase in JAK2 autophosphorylation (Fig. 2C ). ACh also stimulated Akt ser473 phosphorylation maximally after 15 min (Fig. 2D, upper panel) , without any change in Akt protein levels (Fig. 2D, lower panel) . ACh resulted in an approximately fivefold increase in eNOS serine phosphorylation above basal at 15 min (Fig. 2E, upper panel) , without changes in eNOS tissue levels (Fig. 2E, lower panel) . ACh also stimulated the phosphorylation of ERK1/2, leading them to a maximum activation by 15-30 min (Fig. 2F , upper panel), without any modulation in their protein levels (Fig. 2F, lower panel) . ACh-stimulated IRS-1 tyrosine phosphorylation, as well as its association with p85 subunit, was dose dependent; they both were detectable after the incubation with 10 Ϫ5 mol/l and were maximal with 10 Ϫ4 mol/l, decreasing to ϳ60% of the maximum with 10 Ϫ3 mol/l ACh (Fig. 2G) . Similar results were obtained in tissue extracts immunoprecipitated with anti-JAK2 followed by immunoblotting with anti-phosphotyrosine antibodies (Fig. 2G, lower panel) .
Effects of blockade of proximal activators of eNOS.
To evaluate the importance of JAK2 or PI 3-kinase over the activation of eNOS, we conducted controlled experiments in aortic tissue with the aid of specific pharmacological inhibitors AG490 or LY294002, respectively (Fig. 3A) . ACh-stimulated IRS-1 tyrosine phosphorylation was not affected by the presence of LY294002, but it was almost completely abolished when aortae were preincubated with AG490 (Fig. 3A, upper panel) . The presence of AG490, as expected, completely inhibited ACh-stimulated tyrosine phosphorylation of JAK2, whereas LY294002 had no effect on this event (Fig. 3A, next panel) . Treatment of aortae with AG490 or LY294002 abolished ACh-induced Akt and ERK1/2 phosphorylation but only reduced eNOS phosphorylation, suggesting that eNOS can be partially activated by a pathway independent of JAK2/IRS-1/Akt (Fig.  3A, lower panels) .
The endothelial function then was evaluated by the endothelial-dependent vasorelaxation in response to ACh in the presence or absence of AG490 or LY294002 (Fig.  3B) . The potency of ACh (pEC 50 : 6.85 Ϯ 0.01, n ϭ 5) was significantly reduced in the presence of AG490 (pEC 50 : 6.36 Ϯ 0.09, n ϭ 7, P Ͻ 0.01) or LY294002 (pEC 50 : 5.97 Ϯ 0.20, n ϭ 6, P Ͻ 0.01). Similarly, the maximal responses produced by ACh (86 Ϯ 2%, n ϭ 5) were significantly inhibited after incubation with AG490 (64 Ϯ 6%, n ϭ 7, P Յ 0.05) or LY294002 (44 Ϯ 3%, n ϭ 6, P Ͻ 0.001).
Because more than one cell type comprises the isolated aorta, next we conducted experiments in cultured aortic endothelial cells. Also, in order to evaluate the relative participation of calcium-dependent and -independent path- ways by which ACh can activate eNOS, we incubated endothelial cells with EGTA (a specific intracellular calcium ion chelator) or LY294002 (Fig. 3C) . The AChstimulated tyrosine phosphorylation of IRS-1 was not affected by any of these two inhibitors (Fig. 3C, upper  panel) . Treatment of endothelial cells with any of these inhibitors, however, reduced the activation of eNOS by different degrees: LY294002 reduced ACh stimulation of eNOS serine phosphorylation to ϳ60% of controls, and a greater inhibition (to ϳ30% of controls) of eNOS was observed when cells were treated with EGTA before being stimulated with ACh (Fig. 3C, lower panel) .
We also investigated in endothelial cells the effects of LY294002 and aG490 on ACh or insulin-induced NOS activity, by the L-[ 3 H]arginine conversion to L-[ 3 H]citrulline and on endothelial NO production by the increase in cellular cGMP content. The results showed that ACh had the stronger ability to induce NOS activation and cGMP accumulation, and this effect was reduced by ϳ50% when the cells are pretreated with LY or AG490 ( Fig. 3D and E) . Insulin also increased NOS activity and cGMP accumulation, but this effect was weaker than ACh. Treatment of cells for 30 min with LY294002 completely blocked insulin's effect on cGMP accumulation. However, treatment of these cells with AG490 for 30 min had no effect on the ability of insulin to activate NOS and induce NO production ( Fig. 3D and E) . PI 3-kinase and MAPK pathways in aorta of obese animals: effect of insulin and ACh. The effect of obesity on ACh-induced IRS-1/PI 3-kinase/Akt/eNOS activation as well as on ERK1/2 MAPK isoforms was studied in male Wistar rats fed a high-fat diet for 60 days. Characteristics of these animals are detailed in Table 1 . Animals fed a high-fat diet for 60 days were significantly heavier than those fed a standard rodent diet and presented higher contents of visceral adipose tissue in different sites, were also more insulin resistant, and had higher fasting insulin and triacylglycerol levels than controls. Systolic blood pressure was normal and similar in both groups of animals.
Obese rats presented endothelial dysfunction, with significant reductions in endothelial-dependent vasorelaxation in response to both ACh and insulin (Fig. 4) when compared with their age-matched controls. ACh produced a concentration-dependent relaxation in endotheliumintact preparations with a pEC 50 value of 6.85 Ϯ 0.02, whereas in obese rats there was a significant reduction in the pEC 50 value (6.59 Ϯ 0.01, P Ͻ 0.001). Furthermore, ACh-induced maximum relaxation was attenuated by 44% in obese rats (86 Ϯ 2 and 48 Ϯ 5%, control vs. obese, respectively; P Ͻ 0.001), whereas the relaxations elicited by insulin were reduced by ϳ66% at all concentrations assayed. The potency of the endothelium-independent relaxation produced by GTN also was reduced in intact aortic rings of obese rats (pEC 50 : 7.45 Ϯ 0.04 vs. 7.06 Ϯ 0.04, control vs. obese, respectively; P Ͻ 0.001). However, after endothelium denudation, the potency of GTN was potentiated in both groups (pEC 50 : 7.75 Ϯ 0.01 and 7.82 Ϯ 0.01, control vs. obese, respectively; data not shown). It has been reported that the endothelium-independent relaxations induced by NO donors are potentiated in eNOS knockout mice (34) or not affected after endothelium denudation in rats (35) . Our results demonstrate a significant decrease in the potency of GTN in endotheliumintact aorta of obese rats. Nevertheless, it does not involve changes in the vascular smooth muscle cells because the relaxation produced by GTN was potentiated in both control and obese groups after mechanic endothelium denudation. Taken together, these data suggest that the impaired relaxations observed herein are related to an endothelial dysfunction.
Insulin-stimulated JAK2 tyrosine phosphorylation was significantly reduced (ϳ60%) in aortae from obese animals when compared with controls, but there was no difference in JAK2 phosphorylation when tissues were incubated with ACh (Fig. 5A) . Moreover, the association between JAK2 and IRS-1 in aortae from obese rats also was significantly reduced when vessels were incubated with insulin but not with ACh (Fig. 5B) . Tissue levels of JAK2 did not vary between the two groups of animals (Fig. 5C ). There was a great decrease (ϳ70%) in insulin-stimulated IRS-1 tyrosine phosphorylation in aorta from obese animals when compared with controls (Fig. 5D) . ACh-stimulated IRS-1 tyrosine phosphorylation also was reduced (ϳ30%) in aortae from obese animals compared with controls (Fig. 5D) . The insulin-and ACh-stimulated association between IRS-1 and the p85 regulatory subunit of PI 3-kinase both were diminished in aortae from obese rats compared with their controls (Fig. 5E ). There was no significant difference between the protein concentrations of IRS-1 in aortae from both groups of animals (Fig. 5F ). Obese animals presented significantly higher basal contents of IRS-1 ser307 phosphorylation (ϳ2.5-fold higher) in their aortae when compared with control animals (Fig.  5G) . Obese rats showed reduced Akt activation after insulin and ACh stimulus (ϳ80%) compared with controls ( Fig. 6A) , with no differences between the protein concentrations of Akt in aortae from these two groups (Fig. 6B) . The serine phosphorylation of eNOS in aortae from obese rats was significantly reduced in both response to insulin (by ϳ70%) and also to ACh (by ϳ60%) (Fig. 6C) when compared with controls. eNOS tissue levels in aortae from obese rats was significantly reduced by ϳ30% compared with controls (Fig. 6D) . In addition, the ratio of phosphorylation per protein of eNOS also was reduced in obese rats after stimulation with insulin (by ϳ60%) and ACh (by ϳ40%). Obese rats showed increased basal tyrosine phosphorylation of ERK1/2, 2.3-fold higher than those found in controls (P Ͻ 0.001; Fig. 6E ). After incubation with insulin or ACh, tyrosine phosphorylation of ERK1/2 was 1.7 and 1.6 times higher, respectively, in aortae from obese rats than in the control rats (P Ͻ 0.001; Fig. 6E) . However, obese rats demonstrated ϳ2.0 times higher protein levels of ERK1/2 in aortae than the control rats (P Ͻ 0.001; Fig.  6F ), suggesting that increased ERK1/2 tyrosine phosphorylation was attributed to increased levels of these kinases found in aortae of obese animals. 
DISCUSSION
Here, we show that ACh can activate eNOS through the IRS-1/PI 3-kinase/Akt pathway in rat aorta and in endothelial cells. Also, we show that in an animal model of insulin resistance and obesity (i.e., rats fed a high-fat diet for 60 days), ACh and insulin signaling through this pathway in aorta is blunted. This study provides data to the hypothesis that the endothelial dysfunction in aorta of obese rats is related to insulin and ACh resistance.
The results of the present study show that ACh activates the JAK2/IRS-1 signaling pathway, as described by others' G-protein-coupled receptors (36, 37) , and by inducing IRS-1 tyrosine phosphorylation, is able to activate the PI 3-kinase/Akt/eNOS pathway (Fig. 7) , suggesting another pathway by which ACh can induce eNOS activation. The pharmacological blockade of JAK2 or PI 3-kinase was able to reduce ACh-stimulated eNOS activation/phosphorylation and cGMP accumulation by ϳ50%, suggesting that this pathway may have an important role in ACh-induced eNOS activity but certainly is not the only pathway that accounts for this ACh effect. Although insulin also activated JAK2 tyrosine phosphorylation, the pharmacological blockade of JAK2 did not change insulin-induced IRS-1 tyrosine phosphorylation or Akt phosphorylation in neither insulin effect nor on eNOS activity and aorta relaxation, suggesting that JAK2 is not necessary for the insulin action in aorta. Thus, the requirement for insulin to activate IRS system via JAK2 seems redundant, and it is corroborated by a recent study (38) in transfected L6 myotubes with siRNA against JAK2. As expected, the effect of ACh in causing eNOS activation, cGMP accumulation, and endothelial-dependent vasorelaxation is stronger than insulin.
Tyrosine-phosphorylated IRS-1 also can proceed through the Grb2/SOS and Ras pathway, leading to the activation of ERK1 and 2 (39) . The present study demonstrates that ACh induces ERK/MAPK activation and that JAK2 has an important role in this activation. Furthermore, the present results are in accordance with recent evidence that ACh activates ERK/MAPK (40,41).
Our results showed impaired relaxation of the aorta induced by insulin or ACh in obese rats as a consequence of endothelial dysfunction. These animals represent a very adequate model of metabolic syndrome, characterized by insulin resistance, central fat depot, increase in triacylglycerol levels, and cardiovascular disease demonstrated by endothelial dysfunction. We did not observe hypertension in these animals. Hypertension is not always uniformly observed in diet-induced obesity or in other animal models of insulin resistance with endothelial dysfunction (42, 43) . It is possible that the rat strain, and mainly the duration of the diet, may influence the development of hypertension. Recently, it was demonstrated that insulin resistance and endothelial dysfunction precedes the development of hypertension, and in some strains it might take Ն1 year of high-fat diet to induce hypertension (43, 44) .
The expression of eNOS apparently is regulated by the insulin receptor-mediated PI 3-kinase signaling pathway (6) . Selective inhibition of insulin actions on the PI 3-kinase pathway in vasculature in insulin-resistant states, with preservation of Ras/Raf/MEK/ERK pathway, has been proposed as an important cause of NO production downregulation, leading to an imbalance that could lead to the development of atherosclerosis (14, 15) . Although there was a reduction in insulin-and ACh-induced IRS-1 tyrosine phosphorylation, the activation of ERK1/2 by both hormones was increased in aorta of obese rats. This is because of the increase in ERK1/2 protein expression and probably also because other substrates of insulin receptors and JAK2, such as Shc, may compensate IRS-1 on ERK1/2 activation, as we demonstrated in aorta of another animal model of insulin resistance, the spontaneously hypertensive rat (15) .
It has been reported that in states of insulin resistance and obesity, activation of some serine kinases induces ser307 phosphorylation of IRS-1 (45, 46) , leading to a decrease in insulin-stimulated PI 3-kinase activity. The reduction in insulin-stimulated IRS-1 tyrosine phosphorylation was associated with an increase in IRS-1 ser307 
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phosphorylation in aorta of obese animals. The negative modulation of IRS-1 could make this substrate more refractory to the activation by insulin as well as by ACh. The ACh-stimulated activation of JAK2 is not altered in obese rats when compared with controls. However, the activation of eNOS was reduced in response to both insulin and ACh in obese rats. The reduced activation of eNOS in aorta of obese rats could be due to reduced stimulus through the IRS-1/PI 3-kinase/Akt pathway. Furthermore, this pathway also may have a role in the control of eNOS expression, and reduced signaling through IRS-1/PI 3-kinase/Akt may contribute to explain the lower eNOS levels in aorta of obese rats. Our data suggest that reduced eNOS expression and/or activation may have an important role in endothelial dysfunction of this obese animal. Important evidence that the IRS-1/PI 3-kinase pathway may be relevant for ACh signaling comes from mice lacking IRS-1 (47) . In these animals, the relaxation induced by ACh was significantly reduced in aortic strips of IRS-1 knockout mice compared with controls. Taken together, given these previous results and the data presented herein, it can be suggested that the inhibition of IRS-1 function could represent a unifying mechanistic link between different factors involved in not only insulin resistance but also in endothelial dysfunction.
In summary, here we have documented a novel pathway of ACh-stimulated activation of eNOS, involving the JAK2/ IRS-1/PI 3-kinase/Akt pathway. Aside from a normal activation of JAK2 in response to ACh in aorta of obese insulin-resistant rats, the increased IRS-1 ser307 content could inhibit the ability of IRS-1 to be activated by both insulin and ACh, leading to a reduction in the PI 3-kinase pathway activation and to a reduced expression of eNOS, producing endothelial dysfunction. These results suggest that in aorta of obese rats, there is not only insulin resistance but also ACh resistance, probably mediated by a common signaling pathway that controls the activity and the protein levels of eNOS.
